Abstract We use ALOS-1 interferometric synthetic aperture radar data spanning the period of 2007-2011 to obtain time-dependent ground deformation data over Taal caldera related to the 2010-2011 volcanic unrest, which did not lead to an eruption. We employ finite element models that account for subsurface thermomechanical properties to test for viscoelastic deformation. We also examine the variability of crustal rheological parameters of the temperature-dependent Arrhenius formulation for viscosity, to investigate the effects on surface deformation. Deformation at Taal is observed to be time dependent and explained by a linear rate of pressure increase in a shallow magma reservoir at 5-km depth within a hot and viscoelastic upper crust. The best-fitting rheological properties of the local setting are consistent with either a felsic or hydrothermally altered uppermost crust. We show the significantly different effects that the variation of rheological parameters has on surface deformation, highlighting the importance of incorporation into future studies of deformation at different volcanic settings.
Introduction
Ground deformation resulting from magma movement toward the surface is one of the key observations needed for forecasting volcanic eruptions (e.g., Sparks, 2003) . Geodetic observations can provide constraints on changes in pressure and volume of magma bodies (e.g., Lisowski, 2006) , which could be used to estimate potential volumes of eruptive material and occurrence of magma reservoir failure. However, it can be difficult to determine whether detected ground deformation is due to instantaneous pressure changes in a magma reservoir or due to delayed deformation of the surrounding host rock, or both (e.g., Segall, 2016) . To distinguish between these processes, knowledge is required of the rheological properties of the host rock (Currenti & Williams, 2014; Hurwitz et al., 2009 ), which will control how the Earth's surface deforms in response to magma reservoir pressurization at depth.
Rheological properties such as yield strength, viscosity, temperature, and composition (McBirney & Murase, 1984) can be represented with viscoelastic deformation modeling. Viscoelastic models have been extensively applied to volcano deformation studies (e.g., Bonafede et al., 1986; Dragoni & Magnanensi, 1989; Jellinek & DePaolo, 2003) , providing important observations about crustal strain dependency to mechanical and rheological variations at different types of volcanoes (e.g., stratovolcanoes, Hickey et al., 2015; shields, Masterlark et al., 2010; calderas, Hickey et al., 2016; Newman et al., 2006) with magmatic systems of different geochemical compositions (e.g., from basaltic, Del Negro et al., 2009; to felsic, Le Mével et al., 2016) and varying thermal gradients (de Silva & Gregg, 2014) . Moreover, viscoelastic models have also provided insights into eruption triggering mechanisms from small volcanic systems to catastrophic caldera forming eruptions (Gregg et al., 2012) .
In this study, we employ thermomechanical models of shallow volcanic systems to investigate how host rocks with distinct viscosity end members from the Arrhenius formulation affect the response of the Earth's surface due to magma reservoir pressurization. We apply the models to the 2010-2011 unrest at Taal volcano, for which deformation was detected with the interferometric synthetic aperture radar (InSAR) technique, to determine which rheological parameters are most appropriate to reproduce the observed surface deformation.
Taal Caldera and the 2010-2011 Unrest
Taal caldera is located within the Macolod Corridor in the Philippines (Figure 1a ), a tectonically complex region characterized by active volcanism, crustal thinning, faulting, and block rotations (e.g., Galgana et al., 2014) . The caldera is partially filled with the water body that forms Taal Lake (maximum water depth of~160 m reported by the Philippine Institute of Volcanology and Seismology), and within the lake lies the active volcanic complex (Volcano Island or Taal Volcano, 311 m), consisting of >40 vents of which the largest is the main crater (Delos Reyes et al., 2018) . Part of the main crater (~1 km radius) is filled by an 80-m deep lake (Delmelle et al., 1998) .
Recent eruptive products from Taal volcano have been predominantly basaltic to andesitic in composition (e.g., Lowry et al., 2001) . Although Taal has not erupted since 1977, several episodes of unrest have intermittently occurred since 1992, as noted by changes in deformation, seismicity, and degassing (Arpa et al., 2013; Bartel et al., 2003) . Given the high population density within proximity (>700,000 people within a 10-km radius; Global Volcanism Program, 2013), Taal volcano is one of the best monitored volcanoes in the Philippines.
PHIVOLCS reported several anomalous changes at Taal from April 2010 to June 2011, including increased seismicity, degassing, total magnetic field, water and ground temperatures, and inflation observed by precise leveling measurements (Arpa et al., 2013; Maeda et al., 2013) . We report the signal observed at Taal with InSAR during this unrest period and test crustal rheological end members by thermomechanical deformation modeling.
Data and Methods

InSAR
Our data set (Table S1 in the supporting information) consists of 50 SAR scenes from two frames of ascending track 449 acquired between February of 2007 and March of 2011 by the ALOS-1 satellite of the Japan Aerospace Exploration Agency. We used an unweighted inversion approach to obtain the line-of-sight (LOS) displacement history and averaged LOS velocities from the generated network of interferograms. Further details on the InSAR data set, processing approach, and quality assessment of the displacement time series are found in the supporting information (Texts S1 and S2; Berardino et al., 2002; Chen & Zebker, 2001; Goldstein & Werner, 1998; Pepe & Lanari, 2006; Rosen et al., 2004; Werner et al., 2000) .
Analytical Point Source Model
We use geophysical inverse methods to find the best-fitting point source solution within an elastic half-space (Mogi, 1958) . The data are the generated InSAR LOS displacements (during the deforming period; Figure 1c ), sampled using uniform grids to reduce the number of data points (each grid dimension was 300 m × 307 m). The InSAR data were weighted equally. We solve the inverse problem using a Monte-Carlo-based Gibbs sampling algorithm (Brooks & Frazer, 2005; Morales Rivera et al., 2016) with 100,000 sweeps to sample the posterior probability density function and find the optimal solution that yields the lowest root-mean-square error (RMSE). The solution was used as the basis for selecting the source location in the numerical models.
Finite Element Numerical Models
We expand on the numerical formulations and model setups from the benchmarked approach of Gregg et al. (2012) to develop 2-D axisymmetric finite element models (FEMs) using COMSOL Multiphysics software (https://www.comsol.com; a COMSOL.mph file with the model is provided in Data Set S1 of the supporting information). We used the solid mechanics module in conjunction with the heat transfer module to solve for the time-and temperature-dependent deformation. 3.3.1. Model Setup, Geometry, and Mesh The magma reservoir is represented as a single pressurized spherical void within a viscoelastic medium, where an initial state of stress (lithostatic) between the magma reservoir and the surrounding medium is assumed to be in equilibrium (e.g., Hickey et al., 2013) . The extents of the model space are 35 km × 35 km. We exclude the topography and assume a flat surface, as the summit of Taal volcano is only 300 m above sea level and topographic effects are negligible for our modeling application due to the low slope of the volcano (e.g., Cayol & Cornet, 1998; Masterlark, 2007) .
The finite element mesh contains 1,266 tetrahedral elements, with a higher mesh density around the magma reservoir. The initial settings and boundary conditions of the models include (1) a freely deformable top surface, (2) rollers on the right lateral and bottom surfaces (to prevent deformation perpendicular to these boundaries), (3) axial symmetry and zero displacement on the left-lateral surface, and (4) a boundary load applied to the walls of the source cavity (Gregg et al., 2012 ; Figure 2 ).
We assume a fixed source radius of 1 km, in agreement with Galgana et al. (2014) , who suggest that the radius of Taal volcano's main crater roughly represents that of the magma reservoir (e.g., Lipman, 1997; Roche et al., 2000) . We center the pressurized spherical void (McTigue, 1987) at depths of 2, 3, 4, and 5 km, to cover the depth range of the best-fitting analytical solution (3.1 ± 2 km for 2 standard deviations; see section 4.1 and Table S4 ). We did not consider a source at 1-km depth, because it does not satisfy the Mogi requirement of a source depth greater than the source radius.
We assume instantaneous pressurization and apply 10, 20, 30, 40, and 50 MPa in excess of the lithostatic pressure along the spherical cavity boundary. The excess pressure is hereinafter referred to as overpressure. The instantaneous pressurization assumption ignores that magma influx is gradual and that the viscoelastic contribution from early pressurization decays faster, but is a common assumption in volcanic deformation modeling studies because the pressure buildup rate is not known.
We then evolved the model to consider linearly increasing rates of pressure change of 10, 20, 30, 40, and 50 MPa during 185, 277, 323 , and 369 days (four time steps defined by InSAR data coverage in section 3.3.5). The actual rate of pressure change can depend on different nonlinear processes occurring within the magma reservoir (e.g., from new magma input, differentiation of magma in the reservoir, or exsolution and trapping of gases in the reservoir; Lisowski, 2006) , which cannot be constrained with our data.
For both instantaneous and linear pressure models, we assume that magma reservoir overpressure is less than failure overpressure because an eruption did not occur. The study by Albino et al. (2018) supports that the tested range of overpressures does not lead to rupture or eruption under certain pore pressure conditions of the host rock, the latter being commonly unknown in volcanic systems.
Elastic Properties
We consider elastic heterogeneity (vertical) in our models for a more realistic representation of the subsurface. We used the 1-D seismic velocity model of You et al. (2013) for Taal caldera in order to delineate the mechanically heterogeneous layers (Figure 2 ), noting that elastic homogeneity would provide similar results in terms of surface displacement due to the low resolution of the seismic velocity model (Text S3). We infer the density (ρ), Poisson's Ratio (ν), and seismic Young's Modulus (E) from the P wave (V p ) and S wave (V s ) velocities, using the empirical relationships (Brocher, 2005) :
and obtain the seismic shear modulus (G), and seismic bulk modulus (K) using: (Table 1) .
We follow Gudmundsson (1990) and Hickey et al. (2016) by using half the seismic moduli in the models (Table 1) to account for the fact that the moduli determining the response of the Earth surface to magma reservoir pressurization are lower than the moduli determining the propagation speed of the seismic waves (e.g., Albino et al., 2018; Gudmundsson, 1990; Wauthier et al., 2012; Zhao et al., 2016) . The relationship between the different types of moduli, which are sometimes referred to as static and dynamic moduli, are more complex (Adelinet et al., 2010; Ciccotti & Mulargia, 2004) . But our approximation is acceptable because they are within reported ratios ranging from 0.11 to 0.67 for common extrusive rocks (e.g., Gudmundsson, 1990) .
Viscous Properties
Viscosity is mainly used to determine the time-dependent deformation (section 3.3.4). We use a temperaturedependent viscosity (η) calculated from the Arrhenius formulation:
where A D is the Dorn parameter (also called preexponential factor), E A is the activation energy, R b is the universal gas constant, and T is the temperature distribution calculated from the steady state heat conduction equation (e.g., Gregg et al., 2012) . The Dorn parameter and the activation energy are constants for a given material, which have been experimentally derived for common rock types and minerals (e.g., Kirby & Kronenberg, 1987; Ranalli & Murphy, 1987) to determine the relationship between temperature and viscosity of different materials. In the following analysis we focus on testing the variables within this formulation (Dorn parameter, activation energy, and temperature distribution) in order to define viscosity end members and examine the response of the Earth's surface due to pressurization of a magma reservoir for different rheological configurations.
Compositional Model. The composition of the upper crust is generally represented as dry and wet granite to quartzite (Meissner & Tanner, 1992) , but the Philippine Archipelago is built upon oceanic arcs, probably of diorite to amphibolite crustal composition (Vogel et al., 2006) . Therefore, we used activation energy values of 106 kJ/mol (E A1 ) and 219 kJ/mol (E A2 ), respectively equivalent to a felsic and intermediate crust (Kirby & Kronenberg, 1987) . The Dorn parameter was also varied to represent a felsic or intermediate crust, respectively represented by values of 5 × 10 9 (A D1 ) and 2 × 10 13 Pa s (A D2 ; Ranalli & Murphy, 1987) . The combination of these parameters results in four crustal compositional models that were used in the analysis:
, and E A2 A D2 .
Temperature Model. For each of the four crustal compositional models we considered two steady state temperature distributions, representing end members for shallow volcanic systems: (1) a cool magmatic source within a cool host rock (herein referred to as the cold model), and (2) a hot magmatic source within a hot host rock (herein referred to as the hot model).
The steady state temperature distributions were calculated using a surface temperature of 304 K (Arpa et al., 2013) , a magma temperature range of 973 K for the cold model and 1673 K for the hot model (respectively representing dacites to basalts, covering the range of magmatic products from Taal; Miklius et al., 1991) , and the geothermal gradients that are discussed in the following ( Figure 3 ).
We use for the hot model geothermal gradients of 100 K/km for the upper 4 km and of 35 K/km for greater depth, and for the cold model a gradient of 15 K/km (Table 2) . Thermal gradients generally range from 15 to 50 K/km (e.g., Rothstein & Manning, 2003) . Long-lived calderas with extensive hydrothermal and magmatic systems have been suggested to have high geothermal gradients in the shallow crust (e.g., Yellowstone; Morgan et al., 1977) that can significantly alter stress and strain distributions and therefore the overall volcano deformation (Gaeta et al., 1998) . The high temperatures of the shallow crust can be explained by recent heat transfer from the magmatic source into the hydrothermal system or by the long-lived thermal legacy from frequent magmatic activity. The gradient used in the hot model for the upper 4 km is supported by local temperature estimates >200°C (>473 K) of the extensive hydrothermal reservoir at Taal (Delmelle et al., 1998) and by the presence of a conductive zone down to 4-km depth (Yamaya et al., 2013) . The geothermal gradient of the hot model for greater depths supports the expected temperatures at the approximated Moho depth of 34 km within this region of Figure 3 . (a, b) Steady state temperature distribution for the cold and hot models with a spheroidal source (1-km radius) centered at 5-km depth, solved from the initial thermal boundary conditions and heat conduction parameters. (c-j) Viscosity distribution calculated from the Arrhenius formulation for the four crustal parameters (E A1 , E A2 , A D1 , and A D2 ; Table 2 ) combinations and the temperature distributions of (a) and (b).
10.1029/2018JB016054
Journal of Geophysical Research: Solid Earth the Philippines (Besana et al., 1995) . The geothermal gradient chosen for the cold model supports the possibility of crustal cooling within shallow volcanic systems by water from shallow aquifers (e.g., Stolper et al., 2009) or by hydrothermal circulation (e.g., Morgan & Chen, 1993) .
For the calculation of the steady state temperature distribution, we use the thermal conductivity (Clauser & Huenges, 2013) and heat capacity (Waples & Waples, 2004) values reported in Table 2 . Their uncertainties are negligible for our calculation, because calderas are long lived and they would only affect the time it takes for heat to conduct (Hickey et al., 2015) .
Viscoelastic Forward Models
The models were built to represent a medium with a Standard Linear Solid viscoelastic arrangement (Christensen, 1971) , which have an instantaneous elastic response (used to evaluate deformation in an elastic medium) followed by a viscoelastic response that is dependent on the characteristic relaxation time (τ) of (Del Negro et al., 2009; Gregg et al., 2012) :
where μ 0 and μ 1 are the fractional moduli and equal to 0.5.
Taking the previously described rheological configurations and parameters (summarized in Table 2 ), we built a total of eight model classes representing possible viscosity distributions at Taal (crustal compositional models E A1 A D1 , E A1 A D2 , E A2 A D1 , and E A2 A D2 with the two temperature distribution end members; Figure 3 ). 3.3.5. Approach to Determine the Best-Fitting Numerical Model Our data only had four dates within 1 year with measured deformation ( Figure 1) ; therefore, the data-model comparisons were done at the time steps defined by the period between InSAR acquisition dates with evident displacement. These time steps are as follows: (1) 185 Because our FEMs are 2-D axisymmetric, we averaged nine InSAR displacement transects at each time step for the data-model comparisons. The nine transects radially extend an average of 19.5 km from the surface location directly above the analytical point source toward the southwest to well cover the deforming area, including that observed to the west of Volcano Island (for transect locations see Figure S7 in the supporting information). The orientations of the transects were chosen only toward the southwest, because it best captures the spatially broad deformation signal and because of better data coherence, as compared to other orientations. We have converted the LOS displacements into vertical displacements (Hanssen, 2001) , assuming negligible horizontal ground displacement and an incidence angle of 39.6°.
We first ran the viscoelastic and elastic models (section 3.3.4) using the instant pressure assumption (section 3.3.1) and compared the averaged InSAR displacement transect with the modeled displacement transect at each time step and for each rheological setup by means of the RMSE (Tables S6-S13) . We then calculated the averaged sum of the RMSE of all time steps (for each overpressure and rheological setup; Tables S14 and S15) to find three favored rheological conditions that yield the lowest RMSE. These results were used to identify the best rheological models to be subsequently tested with the linear pressurization assumption.
The linear pressure models (section 3.3.1) were then applied at the three favored rheological models. We followed the approach described in the previous paragraph to find the optimal solution that yields the overall lowest RMSE (RMSE for linear pressure models in Tables S16-S18). Figure S8 shows an illustrated example 
Results
Observed Deformation and Analytical Mogi Model
We present the InSAR results in the form of averaged LOS velocity maps and displacement time series in Figures 1b and 1c . Positive LOS displacements (LOS decrease, red colors) represent ground movement toward the satellite (e.g., uplift), and negative LOS displacement (LOS increase, blue colors) represent ground movement away from the satellite (e.g., subsidence).
Our results do not show evident deformation prior to February 2010 (Figure 1b ) but clearly reveal inflation during the period between February 2010 to March 2011 (Figure 1c) , correlating with the period of increased seismicity, degassing, and ground temperatures. The strongest signal is centered over Taal volcano with an average LOS displacement of 11 cm. A subtle signal is also observed west of the shoreline of the caldera lake ( Figure 1 ).
The best-fitting analytical point source is located beneath the NE quadrant of the main crater (Figures 1 and  S9 ), centered at 3.1-km depth (95% confidence range of 0.9-5.3-km depth) below the summit, and with an RMSE of 17.9 mm (Table S4) . Assuming a source radius of 1 km (section 3.3.1) and a shear modulus of 9.1 GPa (Table S5) , the estimated volume change of 6.1 × 10 6 m 3 (Table S4) would be equivalent to an overpressure of 17.6 MPa. This is within the range of overpressure values covered with the parametric sweeps for the numerical modeling. The modeled parameters with their trade-offs and confidence intervals are reported in Table S4 and Figure S10 in the supporting information.
Viscosity Models and Their Viscoelastic Response
The different compositional models and temperature distributions result in viscosity ranges of 10 13 to 10 25.1
Pa s at the magma reservoir-host rock interface, and 10 12.8 to 10 50.9 Pa s throughout the medium (Figure 3 ).
Increasing temperatures with lower activation energy and Dorn parameter values (Figure 3d ) yield the lowest calculated viscosities and therefore the models displaying the highest viscoelastic displacement, as can be seen in the time-dependent displacement curves for the eight model classes in Figure 4 . Decreasing temperatures with increasing activation energy and Dorn parameter (Figure 3i ) yield the highest calculated viscosities, making the time-dependent viscous effect on surface displacement negligible or absent in many models (E A1 A D2 , E A2 A D1 , and E A2 A D2 with the cold geotherm, and E A2 A D2 with the hot geotherms; Figure 4 ).
The time-dependent displacements for each of the eight viscoelastic models are shown for different source overpressures (applied instantaneously) in Figure 4 . All models show the same initial displacements (from 3.2 to 16 cm) because of identical elastic properties (although this is difficult to see in Figure 4b , where displacements increase rapidly in the first day). In decreasing order, the E A1 A D1 hot and cold models, and the A D1 E A2 and A D2 E A1 hot models (Figures 4a, 4b , 4d, and 4f) show from 8.7 to 0.5 cm viscoelastic displacement during the first year after source pressurization. The model with the lowest viscosities (E A1 A D1 hot; Figure 3d ) exhibits the fastest initial viscoelastic displacement rates (Figure 4b ). The high-viscosity models (Figures 4c, 4e, 4g , and 4h) show no to negligible time-dependent behaviors.
The characteristic relaxation time will be proportional to η/Gμ (section 3.3.4) and is an estimate of the timescale needed to observe the full viscoelastic response with InSAR or any other geodetic technique. In order to view the complete viscoelastic response at the surface (directly above the pressurized reservoir) during the 1-year time interval of InSAR-observed deformation in this study and with an averaged shear modulus of 9 GPa (Table S5) , the averaged crustal viscosity above the reservoir would need to be in the order of 10 17 Pa s. The only model that roughly meets this condition is the E A1 A D1 hot model (Figures 3d and 4b ).
We show in panels a, d, and f of Figure 4 that viscoelastic deformation may still be measured for mediums with averaged crustal viscosities that are higher than 10 17 Pa s (Figures 3c, 3f , and 3h), but the full viscoelastic response may occur over a timescale much larger than the InSAR observation period.
Best-Fitting Numerical Model
The three favored models of instantaneous pressurization suggest a source at 5-km depth with (1) Figure 5 shows an example of the observed and modeled displacement spectrum resulting at the four different time steps for all rheological configurations (from an instant overpressure of 40 MPa at time 0). The linear pressure models (section 3.3.1) were then applied at these 
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The best-fitting forward numerical model is the viscoelastic configuration E A1 A D1 of the hot model with a linear pressure increase of 40 MPa during 323 days. This configuration produces a maximum surface uplift of 19.23 cm during 323 days and an additional 0.23 cm by the last SAR acquisition, resulting from the source pressurization at 5-km depth and having an averaged RMSE of 15.06 mm ( Figure 6 and Table S16 ). An overpressure of 40 MPa would be equivalent to a volume change of 1.38 × 10 7 m 3 , from the source radius of 1 km and the approximated shear modulus of 9.1 GPa (Table S5) . Figures 6a, 6b , 6c, and 6d show the time series of the displacement transect for the best-fit model (at each time step), collocated with the observed displacement. Figure 6e shows the modeled displacement time series at the origin of the transect, collocated with the corresponding InSAR displacement time series (pixel over the analytical source). The rough fit between the modeled displacement to the observed InSAR displacement in Figure 6e is explained by a higher residual at the origin of the transect because the best-fit model was obtained for an averaged transect >15 km long (section 3.3.5), not for a single pixel with 30-m resolution.
Discussion
Deformation Source of the 2010-2011 Unrest
The best-fitting numerical model is consistent with previous observations of a shallow magmatic source beneath Taal volcano island, as summarized in the following. Previous GPS-derived measurements of the inflationary and deflationary episodes of 1998, 1999, 2000, and 2005 events at Taal have estimated pressure sources beneath Taal volcano at 2-to 6-km depths (Bartel et al., 2003; Galgana et al., 2014; Lowry et al., 2001) . Inflation has been attributed to a magmatic source and deflation to a shallower hydrothermal system (Bartel et al., 2003) . A magnetotelluric resistivity study at Taal (Yamaya et al., 2013) revealed a large hydrothermal system at 1-to 4-km depths, and a high resistivity contrast at 4-to 6-km depths. The highly resistive region has been suggested to represent a density contrast where the formation of a magma reservoir would be favored (Yamaya et al., 2013) .
All of these observations are consistent with a stationary shallow magmatic source overlain by a large hydrothermal system. Our best-fitting viscoelastic model further supports a shallow magmatic source at 5-km depth, indicating recharging of the shallow magma reservoir during the 2010-2011 deformation. The 2010-2011 unrest at Taal was also suggested to result from magmatic injection into a shallow reservoir as supported by the observed changes in gas emission rates and composition (Arpa et al., 2013) . Moreover, our (Maeda et al., 2013) . Our results also support the hot instead of the cold temperature model of the upper crust, in agreement with the reported temperatures of >200°C (>473 K) of the hydrothermal system (Delmelle et al., 1998) above the magma source (E A1 A D1 hot model; Figure 7 ).
Given the high temperatures of the upper crust at Taal, it is unlikely that deformation there is purely elastic, even if similar fits to the data could be obtained by the common trade-offs between source depth and overpressure. In Figure 4 we showed that for every additional 10 MPa of modeled overpressure in a source at 5-km depth and within an elastic medium with our seismically determined elastic properties, displacement increases bỹ 3 cm (initial displacements in Figure 4 ). An instant pressure of 60 MPa (at 5 km) in this elastic medium would be required to reproduce the same displacement after~1 year of viscoelastic response from 40 MPa of overpressure within the E A1 A D1 hot model in Figure 4b . This shows that a purely elastic crust would require a larger overpressure to model the observed deformation, which could mislead to an overestimated volume change (in this case would result in an additional volume of 6.9 × 10 6 m 3 ) and a misinterpretation of a magma reservoir closer to failure conditions (e.g., Albino et al., 2018) .
The best analytical, instant pressure (numerical), and linear pressure rate (numerical) solutions, respectively, had RMSE estimates of 17.90, 19.73, and 15.06 mm). The linear pressure rate increase in a viscoelastic medium model best explains the 2010 deformation at Taal while incorporating realistic representations of the rheological properties and time-dependent processes that are ignored by the commonly used analytical or numerical solutions of instant pressure.
Rheological Implications
The best-fitting viscoelastic model (E A1 A D1 hot model) is in partial agreement with the expected rheological properties of the geologic setting and volcanic system at Taal, such as the high temperature estimates of the hydrothermal system above a magmatic source that result in a hot thermal gradient within the shallow crust. The activation energy and Dorn parameter of the best-fitting model matched that of a felsic crust, differing from the expectations of an intermediate crustal composition in the Philippines. Our results could be representative of the complexity within the rheological properties in a shallow volcanic system that is neither purely felsic nor intermediate, as explained in the following. Vogel et al. (2006) noted the emplacement of silicic magmas all over the Macolod Corridor, an occurrence that is debated due to the lack of an old and evolved crust in the Macolod Corridor. They suggested it to result from partial melting of mantle-derived and evolved magmas that ponded and crystallized in the crust. The fact that drilling data at Mount Makiling in the Macolod Corridor revealed thick layers of silicic material in the upper crust (Vogel et al., 2006) and that some of the erupted lavas from Taal are dacitic in composition (Miklius et al., 1991) supports the presence of silicic material in the upper crust at Taal volcano island, consistent with the felsic compositional model of the best-fitting viscoelastic configuration (E A1 A D1 ).
Alternatively, the large hydrothermal reservoir beneath Taal island could significantly alter the composition and properties of the uppermost crust due to presence of fluids, high temperatures, and alteration to clay minerals. Yamaya et al. (2013) suggested the possibility of alteration to clay minerals such as smectite at temperatures <200°C (<473 K), and chlorite or illite at temperatures >200°C (>473 K) within the hydrothermal reservoir beneath Taal volcano island. Activation energies ranging from 105 to 146 kJ/mol have been suggested for smectite to mixed illite/smectite layers at temperatures between 270°C (543 K) and 350°C (623 K; Roberson & Lahann, 1981) , and these values correlate with those used to represent the felsic material constants and the temperatures of the hydrothermal reservoir at Taal that have been suggested by previous studies. Our results could represent the complexity within the rheological properties in a shallow volcanic system that is neither purely felsic nor intermediate but altered.
Viscosities from the Arrhenius approach are approximated under the assumption that the experimentally determined material constants (e.g., Dorn parameter and Activation Energy; Kirby & Kronenberg, 1987) are true representations of material properties in the subsurface. However, it is important to note that the details on the conditions and assumptions about how the values of these constants were approximated and how they vary for crustal rocks under natural conditions are limited in the literature, particularly for the Dorn parameter. It has been suggested that the Dorn parameter values vary systematically depending on their elastic moduli (McLean & Hale, 1961; Tsenn & Carter, 1987) . Therefore, it is a possibility that the typical values used as the material constant representing the Dorn parameter are not true representations of these crustal rocks within volcanic systems but could serve to compensate for possible variations of the elastic moduli or composition. Future viscoelastic models should account for a range of values to represent the Dorn parameter and not limit them to the typical representation of a felsic crust, as choosing between representing a felsic or intermediate crust would significantly alter the viscosity by an order of 10 4 Pa s and therefore the deformation results.
Nevertheless, the results (1) support the findings of previous studies that observed better data-model agreement by incorporation of more realistic subsurface representations and material properties (e.g., Hickey et al., 2016; Masterlark et al., 2016) than those represented by simple elastic half-space analytical solutions, (2) demonstrate that variability within all of the parameters used to calculate the viscosity significantly influences the resultant rheology of the host rock and therefore deformation, and (3) demonstrate that the bestfitting rheological scenario matches the previous multidisciplinary observations of the local geologic setting.
Limitations
Taal caldera is a large and long-lived magmatic system, supporting a significantly heated subsurface with rocks that become ductile (e.g., Bonafede et al., 1986; de Silva & Gregg, 2014; Dragoni & Magnanensi, 1989; Gregg et al., 2012; Jellinek & DePaolo, 2003; Newman et al., 2006) . For this reason, a viscoelastic rheology provides a reasonable simplification for this geologic setting and was chosen for our model assumptions. Recent studies have shown the important contribution of thermoporoelastic effects in volcanoes with hydrothermal systems (e.g., Coco et al., 2016; Hurwitz et al., 2007) , which may also induce or partly explain the observed surface deformation at Taal. But including a thermoporoelastic rheology was out of the scope of our study and neglected in our model assumptions, because previous geochemical analysis supports magma recharging of the shallow magma storage region during the 2010-2011 unrest at Taal (Arpa et al., 2013) , which supports inflation of the magma storage region.
The complex properties and processes occurring in a shallow hydrothermal system are difficult to constrain, vary in space and time, and can affect the temperature distribution in the subsurface (e.g., Hurwitz et al., 2007) . These variations are neglected under the steady state temperature assumption; therefore, the temperature distributions presented here provide a first-order approximation.
We have approached the issue for a pressurized spherical reservoir, because the spatial deformation pattern appears to be circular. However, our deformation data are spatially limited by the lake surrounding Taal volcano. Thus, we did not address the possible effects from varying magma reservoir size and geometry, because there is no evidence in our data to justify adding these type of complexities to the model. We have also neglected variations and temperature dependency of the elastic parameters. The model results and overall deformation are highly dependent on the combination of all of these properties and interactions between the host rock and source. Therefore, our results represent the best-fitting solutions for the tested parameters and assumptions of the forward model.
Our deformation data at Taal were also limited due to the low temporal resolution of ALOS-1 InSAR image acquisitions. Inflation was observed at only four dates in~1 year, which were used to constrain the time steps used for the data-model comparisons to identify the optimal solution. We acknowledge that other time steps could potentially lead to different results, which could be tested in future studies that have a higher temporal resolution data set. Additionally, time-dependent deformation cannot be discarded for the period after March 2011, correlating with the end of temporal coverage from the ALOS-1 deformation survey.
10.1029/2018JB016054
Journal of Geophysical Research: Solid Earth PHIVOLCS reported that a continuous GPS survey (unpublished) conducted at Taal Volcano island since February 2011 showed slight but steady inflation until August 2011.
Implications for Volcanoes With Mafic Compositions
In the sections above we have considered felsic to intermediate crustal compositions, which are appropriate for andesitic to rhyolitic volcanoes in island arc or continental arc settings. Basaltic volcanoes on hot spot oceanic islands such as in the Galapagos and in the Hawaiian Islands (e.g., Amelung et al., 2000; Baker & Amelung, 2012; Poland et al., 2012) or on island arcs, such as Okmok volcano (Lu & Dzurisin, 2014) can exhibit intereruption inflation of several tens of centimeters to several meters. At these volcanoes ground displacements are generally interpreted as changes in the magma reservoir volume or pressure. Here we adapt the models from Taal volcano for mafic compositions to investigate the viscoelastic response of basaltic volcanoes.
We use the same numerical models as before (1-km radius magma reservoir at 5-km depth) but with an activation energy of 260 kJ/mol (E A3 ) and/or Dorn parameter of 3.2 × 10 15 Pa s (A D3 ) to represent the rheological configuration for a mafic crust (Ranalli & Murphy, 1987) . A total of 10 model classes resulted from the possible viscosity parameter combinations that contain a mafic component (E A1 A D3 , E A2 A D3 , E A3 A D1 , E A3 A D2 , and E A3 A D3 with the two thermal models). The viscosity ranges from 10 17.8 to 10 29.5 Pa s at the magma reservoir-host rock interface and from 10 17.2 to 10 60.2 Pa s throughout the medium ( Figure S13 ). Figures 8a and 8b show the viscosity distribution for the E A1 A D3 hot model and the corresponding displacement time series for different magma reservoir overpressures. The medium behaves elastically, as shown by the negligible time-dependent surface displacement for different magma reservoir overpressures (Figure 8b) . The viscosity models for the other nine model configurations ( Figure S13 ) are characterized by generally higher viscosities, implying an even smaller time-dependent viscoelastic response (RMSE estimates in Tables S6, S8 , S10, S12, and S7, S9, S11, S13 demonstrate similarity, respectively, between elastic and viscoelastic responses of the models with mafic component).
These models suggest that for basaltic volcanoes in a mafic crust, time-dependent viscoelastic effects are so small that they can likely be neglected. Many basaltic volcanoes have shallower magma reservoirs than modeled here (e.g., 2-to 3-km depth below the surface at Sierra Negra and Kilauea volcanoes). The temperatures at these depths are smaller than at the modeled 5 km, suggesting an even smaller viscoelastic contribution.
Summary and Conclusions
InSAR data revealed significant uplift at Taal volcano during the 2010-2011 unrest, with an averaged LOS displacement of 11 cm at Taal volcano island. Deformation is explained by a time-dependent linear pressure increase within a shallow magma reservoir at 5-km depth and in a viscoelastic medium. Viscoelastic modeling also supports the presence of the hot hydrothermal system above the magmatic source, supporting previous observations at Taal volcano. Viscoelastic deformation models that incorporate the characteristics of the local geologic setting provided significantly better results than simple elastic analytical solutions, and were invaluable to constrain realistic approximations of the rheological properties of the subsurface.
The material-dependent parameters (e.g., Dorn parameter and activation energy) for the viscosity calculations are commonly assumed constant in viscoelastic volcano deformation studies. Our results have important implications because we discussed and demonstrated their variability, its significant effects on determination of rheological characteristics, and its influence on surface deformation at different volcanic settings. Therefore, future viscoelastic models should account for these variabilities, as this information is vital for our better understanding of volcanic systems and needed for future research that focuses on assessing the potential for magma reservoir rupture and eruption.
